Spinocerebellar ataxia 7 (SCA7) is a neurodegenerative disease caused by a polyglutamine (polyQ) expansion in the ataxin 7 (ATXN7) protein, a member of a multiprotein complex involved in histone acetylation. We have created a conditional Drosophila model of SCA7 in which expression of truncated ATXN7 (ATXN7T) with a pathogenic polyQ expansion is induced in neurons in adult flies. In this model, mutant ATXN7T accumulated in neuronal intranuclear inclusions containing ubiquitin, the 19S proteasome subunit, and HSP70 (heat shock protein 70), as in patients. Aggregation was accompanied by a decrease in locomotion and lifespan but limited neuronal death. Disaggregation of the inclusions, when expression of expanded ATXN7T was stopped, correlated with improved locomotor function and increased lifespan, suggesting that the pathology may respond to treatment. Lifespan was then used as a quantitative marker in a candidate gene approach to validate the interest of the model and to identify generic modulators of polyQ toxicity and specific modifiers of SCA7. Several molecular pathways identified in this focused screen (proteasome function, unfolded protein stress, caspase-dependent apoptosis, and histone acetylation) were further studied in primary neuronal cultures. Sodium butyrate, a histone deacetylase inhibitor, improved the survival time of the neurons. This model is therefore a powerful tool for studying SCA7 and for the development of potential therapies for polyQ diseases.
Introduction
Spinocerebellar ataxia type 7 (SCA7), an autosomal dominant cerebellar ataxia (ADCA) associated with macular degeneration (Stevanin et al., 2000) , is a polyglutamine (polyQ) disease like Huntington's disease (HD), spinobulbar muscular atrophy, dentatorubral pallidoluysian atrophy, and five other forms of ADCA (SCA1, SCA2, SCA3, SCA6, and SCA17), all of which lead to neurological dysfunction and, in most cases, death Gatchel and Zoghbi, 2005) . SCA7 is caused by expansion of a polyQ tract in ataxin 7 (ATXN7) (David et al., 1997; Del Favero et al., 1998; Koob et al., 1998) , a member of TATAbinding protein-free TATA-binding protein-associated factor (TAF)-containing complex (TFTC) and SPT3/TAF9/GCN5 acetyltransferase complex (STAGA) multiprotein complexes involved in histone acetylation (Helmlinger et al., 2004b; McMahon et al., 2005; Palhan et al., 2005) . Proteins with expanded polyQ aggregate to form the pathological hallmark of polyQ diseases, neuronal intranuclear inclusions (NIIs), containing the mutated and other proteins. PolyQ diseases are postulated to result from a pathogenic gain of function mediated by the polyQ expansion, but the role of NIIs in the pathogenesis of the disease remains unclear: toxic Scherzinger et al., , 1999 Skinner et al., 1997; Becher et al., 1998; Gusella and MacDonald, 2000) , nontoxic (Holmberg et al., 1998; Klement et al., 1998; Saudou et al., 1998; Sathasivam et al., 1999) , or protective (Saudou et al., 1998) . Cell stress markers have been found in NIIs in cell culture (Zander et al., 2001; Latouche et al., 2006) and mouse models of SCA7 (Yvert et al., , 2001 La Spada et al., 2001; Yoo et al., 2003) , but the polyQ expansion in ATXN7 may impair the activity of TFTC/STAGA complexes independently of aggregate formation (McMahon et al., 2005; Palhan et al., 2005; Strom et al., 2005) .
Previous studies of polyQ diseases in Drosophila were mostly based on models in which the mutant protein was expressed ubiquitously or in the retina to facilitate screening for phenotypic modifiers (Jackson et al., 1998; Warrick et al., 1998 Warrick et al., , 2005 Fernandez-Funez et al., 2000; Marsh et al., 2000; Takeyama et al., 2002) . Protein expression in these models, however, has effects on non-neuronal tissues and on development that differ notably from those in mammalians. In addition, because the sensitivity of the retina to external stress has been shown to depend on the developmental stage (Jassim et al., 2003) , the use of this tissue may not always be suitable to study neurodegenerative processes affecting fully differentiated neurons. We therefore developed a model of SCA7, in which expression of truncated mutant ATXN7 (ATXN7T) is induced exclusively in neurons in adult flies. We characterized the effects of this targeted expression and determined whether the phenotype of the flies is ameliorated when expression of the pathogenic protein is stopped. Finally, we demonstrated the effectiveness of this model for screening of putative modifiers affecting the SCA7 phenotype, to elucidate pathways involved in the disease process and to design possible therapeutic strategies.
Materials and Methods

SCA7 constructs.
Previously described truncated versions of the SCA7 cDNA (amino acids 1-232) (Zander et al., 2001) , wild type (SCA7T-10Q) and expanded (SCA7T-100Q), with an added nuclear localization signal derived from Sv40 (simian virus 40), were subcloned in pUAST (Brand and Perrimon, 1993) , during which two CAG triplets were added because of instability of the sequence. All constructs were sequenced, and the size of the expressed proteins was confirmed by Western blot. Five independent transgenic lines on the w 1118 background were generated for each construct, according to standard procedures. One transgenic line was chosen for each construct on the basis of high and comparable expression levels as verified by Western blot analysis of upstream activating sequence (UAS)-SCA7T-10Q/ϩ; da-Gal4/ϩ and UAS-SCA7T-102Q/ϩ; da-Gal4/ϩ larvae with ubiquitous expression (data not shown). ATXN7T with 10Q or 100Q fused to enhanced green fluorescent protein was expressed from the pEGFP-N1 vector in cell cultures.
Fly strains, culture, and transgenic lines. All fly stocks and lines expressing the yeast transcription factor GAL4 were obtained from stock centers. Unless indicated, alleles were described previously (http://flystocks-.bio.indiana.edu). All strains were maintained on standard medium at 26°C. Ubiquitous expression was obtained with the daughterless da-GAL4 line and the pan-neural expression with the elav c155 -GAL4 line (Lin and Goodman, 1994) . Expression in adult neurons in the panneural inducible line (elavGS), derived from the elavGS-301.2 line described in the GeneSwitch system (Osterwalder et al., 2001) , was obtained by adding mifepristone (RU486; 20 mg/ml in ethanol) to standard food, at a final concentration of 1% ethanol and 200 g/ml RU486. This dose induced expression to the same level as with the elav c155 -GAL4 strain (luciferase assay; data not shown). We also checked that, at this concentration, addition of RU486 has no effect on the lifespan of different lines without the presence of the elavGS driver as well as on elavGS/ϩ flies (data not shown).
Dissection of whole brains, adult head cryosections, and immunohistochemistry. Adult fly heads were separated from the bodies and fixed in 3.7% formaldehyde in PBS for 15 min. Adult brains were dissected in PBS, fixed for 15 min in 3.7% formaldehyde in PBS, and washed for 2 h in PBS containing 0.5% Triton X-100 (PBST) at room temperature. After blocking in PBST containing 1% bovine serum albumin (PBST-BSA) for 30 min, brains were incubated overnight at 4°C with the first antibody diluted in PBST-BSA, washed for 3 h with PBST at room temperature, incubated for 3 h at 4°C with the secondary antibody diluted in PBST-BSA, washed for 2 h with PBST at room temperature, and mounted in Citifluor or Vectashield (Vector Laboratories, Burlingame, CA). Brain images were acquired with a Leica (Wetzlar, Germany) TCS SP2 AOBS laser-scanning confocal microscope and processed with Adobe (San Jose, CA) Photoshop. Nuclear inclusion images were acquired with an epifluorescent microscope (Axioplan 2; Carl Zeiss SAS, Le Pecq, France) equipped with FluoUp and MorphoExpert software (Explora Nova, La Rochelle, France).
For immunofluorescence and terminal transferase-dUTP nick end labeling (TUNEL) analysis on adult head cryosections, flies were embedded in OCT (frozen tissue embedding medium) and immersed in liquid nitrogen. Sections (5 m) were cut at Ϫ20°C on a Microm HM 500 OM cryostat, dried at 37°C, fixed in 0.5% paraformaldehyde at room temperature for 30 min, and washed twice with PBS. Immunostaining was performed by standard techniques.
ATXN7T was detected using either the mouse anti-ATXN7 monoclonal antibody 1C1 [1:2000; a gift from J. L. Mandel, Institute of Genetics and Molecular and Cellular Biology (IGBMC), Illkirch, France] or the rabbit polyclonal anti-ATXN7 antibody (1:400; Affinity Bioreagents, Golden, CO). Other antibodies included the following: mouse antiubiquitinylated proteins (FK2; 1:200; Biomol, Plymouth Meeting, PA), rabbit anti-heat shock protein 70 (HSP70; 1:500; Stressgen Biotechnologies, San Diego, CA) and rabbit anti-19S proteasome subunit (MSS1; 1:1000; Biomol). Secondary antibodies were Alexa 488-conjugated goat anti-mouse (1:600; Invitrogen, Carlsbad, CA) and Cy3 (cyanine 3)-conjugated goat anti-mouse or goat anti-rabbit (1:1000; Jackson ImmunoResearch, West Grove, PA). Tissues were counterstained with 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (DAPI) (1 g/ml).
TUNEL analysis of cell death. TUNEL was performed with the ApopTag Plus Fluorescein In Situ Apoptosis Detection Kit (Millipore, Billerica, MA), according to the manufacturer's recommendations.
Immunoblotting. Whole flies and separated heads were lysed at 4°C in 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM MgCl 2, 1 mM EDTA, 1% NP-40, and 0.5% sodium deoxycholic acid supplemented with the complete protease inhibitor (Roche Diagnostics, Basel, Switzerland) and 250 U/ml benzonase (Merck, Darmstadt, Germany), and the proteins were separated by SDS-PAGE on 12% polyacrylamide gels followed by electrotransfer onto nitrocellulose membranes (Schleicher and Schuell BioScience, Dassel, Germany). The membranes were immunolabeled by standard techniques with peroxidase-conjugated secondary antibodies. Immunoreactivity was revealed with the Super Signal chemiluminescence kit (Pierce Biotechnology, Rockford, IL).
Electron microscopy. Transmission electron microscopy was performed on ultrathin sections of preembedding immunogold-labeled brains, as described previously (Muriel et al., 1999) . Briefly, brains fixed for 4 h in 4% paraformaldehyde were washed in PBS, permeabilized in PBS-0.04% Triton X-100 for 15 min, and incubated in PBS-0.2% BSA for 1 h, followed by incubation at 4°C for 48 h with mouse anti-ATXN7 antibody 1C1 (1:1000) and then with goat anti-mouse IgG secondary antibody (1:50; 24 h at room temperature) conjugated to ultrasmall gold particles (0.8 nm; Aurion, Wageningen, The Netherlands). After three rinses in 2% sodium acetate (w/v), silver amplification was performed in the dark (30 min at room temperature) and then stopped by three washes in 2% sodium acetate. The signal was intensified and stabilized by immersion in 0.05% gold chloride (w/v) for 10 min at 4°C and in 0.3% sodium thiosulfate twice for 10 min at 4°C. Brains were then postfixed in 2% glutaraldehyde (20 min)/1% (w/v) osmium tetroxide and embedded in Epon. Ultrathin sections (50 nm thick) contrasted with uranyl acetate and lead citrate were observed with a JEOL (Akishima, Japan) 1200EX II electron microscope at 80 kV.
Evaluation of lifespan. Three-day-old adult male flies were collected in standard or RU486-containing food tubes in clusters of 30. Every 2 d, the flies were transferred to new tubes, and the dead flies were counted. Lifespan was measured on at least 90 males per genotype and per condition. Statistical significance was determined by log rank analysis.
Rapid iterative negative geotaxis. The rapid iterative negative geotaxis (RING) apparatus and the methods were as described previously (Gargano et al., 2005) . Briefly, the ability of flies to climb up the wall of a tube after being made to fall to the bottom by tapping was expressed as the ratio of the height reached in 4 s by flies with induced expression of ATXN7T compared with noninduced flies of the same strain. Five consecutive tests were performed in tubes (9.3 ϫ 2.2 cm) containing 15 male flies, and the results were averaged for each genotype and condition. For kinetic studies, tests were performed with the same flies at different times after induction.
Cell cultures. Postmitotic neurons from the cortex of embryonic day 16 Wistar rats were cultured as described previously (Saudou et al., 1998) . The rats were treated in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) , European Directive 86/609, and the guidelines of the local institutional animal care and use committee. MK-801 (dizocilpine maleate) (2 M) was added to prevent excitotoxicity. Glial cell proliferation was stopped with 2 M cytosine arabinoside after 3 h. After 96 h, the cells were transfected with the SCA7T-10Q-enhanced green fluorescent protein (EGFP) and SCA7T-100Q-EGFP vectors in Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions. Control cells were transfected with the empty pEGFP-N1 vector. transfection efficiency was ϳ3%. Sodium butyrate (Millipore) was added immediately after transfection. Medium was partially replaced (300 l/500 l) every 2 d with fresh medium containing appropriate concentrations of sodium butyrate. Seven days after transfection, the percentage of dead transfected cells was evaluated by ETH-D1 (ethidium homodimer-1) staining (LIVE/DEAD CellMediated Cytotoxicity Kit; Invitrogen) in 100 randomly chosen EGFPpositive neurons per well. The results are expressed as the mean Ϯ SEM of three independent experiments performed in duplicate.
Immunofluorescence on cell cultures. Cortical neurons, cultured as above on four-well culture slides (BD Biosciences, San Jose, CA) coated with polyethyleneimine, were fixed for 15 min with 4% formaldehyde 4 d after transfection. ATXN7T-100Q-EGFP was observed directly. Immunocytochemistry was performed as described previously (Latouche et al., 2006) with the antibodies described above and rabbit anti-activated caspase 3 (Asp 175; 1:100; Cell Signaling Technology, Beverly, MA). Antibodies against GCN5 (mouse anti-GCN5; 1:200) and SPT3 (mouse anti-SPT3; 1:250) were both gifts from D. Devys (IGBMC). Cells were counterstained with DAPI (1 g/ml), mounted with Fluoromount-G, and observed with a Leica SP1 confocal microscope. Leica confocal software was used to acquire the images.
Results
Human ATXN7T is expressed and processed normally in transgenic Drosophila
We showed previously that the transgenes encoding truncated forms (amino acids 1-232) of wild-type (SCA7T-10Q) and mutant (SCA7T-100Q) ATXN7 are expressed at higher levels, and the resulting proteins aggregate faster than full-length ATXN7 in human cells in culture (Zander et al., 2001) . We have now used these transgenes to generate SCA7 Drosophila. Another SCA7 fly was generated previously using full-length ATXN7 with 90Q (Jackson et al., 2005) , but no obvious phenotype was observed (Albert R. La Spada, personal communication). Interestingly, previous studies described an abundant N-terminal cleavage fragment of expanded ATXN7 in mouse models of SCA7 Garden et al., 2002) and in fibroblasts of a juvenile-onset SCA7 patient (Garden et al., 2002) . Moreover, it has been shown that ATXN7 is cleaved by caspase 7 (Ellerby et al., 1999) at positions 266 and 344, thus modulating its cytotoxicity (Garden et al., 2006) . The truncated N-terminal form of ATXN7 that we used, containing amino acids 1-232, is close to the shortest natural fragment observed and should therefore be relevant to the study of SCA7 pathology.
Because ATXN7 is widely expressed in humans (David et al., 1997; Cancel et al., 2000) , but alterations are only observed in neurons, expression of the transgenes was targeted both ubiquitously using the da-GAL4 strain and in all neurons of the peripheral nervous system and CNS using the elav C155 -GAL4 line. To determine whether the truncated forms of human ATXN7 are expressed and processed normally in Drosophila, ATXN7T expression in the SCA7T-10Q and SCA7T-102Q da-GAL4 lines were analyzed on Western blots of larval extracts. Soluble proteins of appropriate apparent molecular weights were detected, as well as aggregated forms of ATXN7T-102Q, which remained in the stacking gel ( Fig. 1 A) . Smaller fragments of ATXN7T-102Q were also detected, as observed previously with the same constructs in models using human cells (Zander et al., 2001 ), suggesting that the protein is normally processed in vivo.
Neuron-specific expression of ATXN7T in the elav C155 -GAL4 flies was analyzed by immunofluorescence in the brains of 10-dold flies. Both transgenes were highly expressed at similar levels throughout the CNS (data not shown). ATXN7T-10Q labeling was diffuse in neuronal nuclei, whereas ATXN7T-102Q aggregated in large NIIs ( Fig. 1 B) , showing that human ATXN7T is expressed and processed normally in Drosophila neurons and that the mutant protein forms intranuclear aggregates as in patients.
Expression of SCA7T-10Q under control of da-Gal4 or elav C155 -GAL4 drivers did not affect the rate of emergence. In addition, neuronal expression of this protein with the driver line elav C155 -GAL4 has little or no toxicity, because the lifespan of (50 g) of larvae ubiquitously expressing ATXN7T-10Q with 10 polyglutamine repeats (UAS-SCA7T-10Q/ϩ; da-Gal4/ϩ) and ATXN7T-102Q with an expanded polyglutamine (UAS-SCA7T-102Q/ϩ; da-Gal4/ϩ). The asterisk indicates SDS-insoluble polyglutamine aggregates in the stacking gel. Arrows, ATXN7T proteins expressed at the expected sizes. Note the smaller N-terminal fragments of ATXN7T-102Q. ␥-Tubulin labeling served as the loading control. B, Staining of ATXN7T (red) in neurons from the central complex of elavC 155 -Gal4; UAS-SCA7T-102Q/ϩ male flies, labeled with the 1C1 antibody. Cell nuclei are counterstained with DAPI. ATXN7T-102Q forms large inclusions in DAPI-labeled nuclei (blue), whereas ATXN7T-10Q remains diffuse in the nuclei (elavC 155 -Gal4; UAS-SCA7T-10Q/ϩ male flies). Scale bars, 5 m.
larvae when ubiquitously expressed with the da-GAL4 driver and partially lethal when expressed only in neurons. In the latter case, it also strongly reduced the lifespan of adult elav C155 -GAL4; SCA7T-102Q/ϩ flies (T50 ϭ 5.5 d). These data suggest that, in addition to the effect of neuronal SCA7T-102Q expression on survival, some non-neuronal cells also contributed to lethality in da-Gal4; SCA7T-102Q/ϩ flies. Accordingly, expression of a SCA7T-102Q transgene under control of a muscle-specific driver, 24B-GAL4, strongly reduced the lifespan of the flies (T50 ϭ 7 d). To distinguish between developmental defects induced by mutant ATXN7T and neuronal dysfunction in adult cells, we developed a model in which mutant ATXN7T can be inducibly expressed in the adult.
Mutant human ATXN7T decreases lifespan when conditionally expressed in adult Drosophila neurons SCA7 Drosophila were created with the elavGS transgene, in which expression of ATXN7T-10Q and ATXN7T-102Q can be induced in neurons in adult flies by RU486 added to their food. Flies from the same batch fed with normal food served as controls. ATXN7T was strongly expressed in flies treated with RU486 as detected by Western blot (Fig. 2 A) , and only a very weak signal was detected in the absence of RU486 (after much longer exposure times), confirming that expression depended on the presence of RU486. The elavGS transgene was also tested in an in vivo luciferase assay using a UAS-luciferase strain. Without RU486, only a low level of expression, just above background, was observed. With RU486, induction of the luciferase reporter was 10-fold higher (data not shown).
Flies that expressed ATXN7T-102Q died between days 10 and 30 after the beginning of induction (Fig. 2 B) (T50 ϭ 19.6 d). If expression of ATXN7T-102Q was not induced, lifespan was increased ( Fig. 2 B) (T50 ϭ 43.6 d; p Ͻ 10 Ϫ30 compared with induced flies). The lifespan of flies in which expression of ATXN7T-10Q was induced (Fig. 2 B) (T50 ϭ 36.5 d) was also slightly decreased compared with noninduced controls (Fig. 2 B) (T50 ϭ 42.1 d; p Ͻ 10 Ϫ10 ), as shown previously in another polyQ disease (Fernandez-Funez et al., 2000) . The presence of the human ATXN7T (10Q or 102Q), therefore, affects the longevity of elavGS Drosophila, particularly when the polyQ tract is expanded.
Expression of mutant ATXN7T in adult Drosophila neurons causes locomotor dysfunction and limited cell death
To determine whether expression of mutant ATXN7T causes neurological dysfunction in adult flies before it compromises survival, climbing ability was assessed by RING analysis, as described previously (Gargano et al., 2005) , 10 d (data not shown) and 16 d (Fig. 2C) after induction of ATXN7T-10Q and ATXN7T-102Q expression by RU486. ATXN7T-102Q expression decreased locomotor activity at both time points compared with the noninduced controls, whereas ATXN7T-10Q had little or no effect. Similar to the effect on lifespan, overexpression of ATXN7T with a polyQ expansion caused neurological dysfunction.
To assess whether the effects of mutant ATXN7T on lifespan and behavior resulted from neuronal death, we TUNEL labeled nicked DNA in dead or dying cells. Eighteen days after induction of ATXN7T-102Q expression, a few TUNEL-positive cells were observed in fly brains, most notably in the optic lobes (Fig. 3 A, B) , but none were observed without induction (Fig. 3B) . Because expanded ATXN7T caused little detectable neurodegeneration, the behavioral abnormalities and the premature death of ATXN7T-102Q-expressing flies likely also resulted from cellular dysfunction. We therefore investigated the protein content and ultrastructure of the NIIs, to try to determine how they might impair cell function.
NII formation in Drosophila expressing mutant ATXN7T in adult neurons
ATXN7T-positive structures in neuronal nuclei of flies expressing ATXN7T-102Q were coimmunolabeled, 15 d after induction, with antibodies against ubiquitin, the 19S subunit of the proteasome, and the chaperone HSP70, proteins that are found in NIIs in SCA7 patients (Zander et al., 2001; Takahashi et al., 2002; Latouche et al., 2006) . All three proteins colocalized in NIIs with mutant ATXN7T, recapitulating a major feature of SCA7 (Fig.  3C) .
To determine whether these structures were fibrillar, as shown previously in cell culture (Zander et al., 2001) , their ultrastructure was examined. Very large (Ϸ2 m), round ATXN7T/ immunogold-labeled fibrillary nuclear structures that excluded chromatin were observed (Fig. 3D) . The chromatin retained a normal appearance, however, as did the nuclear membrane and mitochondria (Fig. 3D) .
The deleterious effects of ATXN7T-102Q are partially reversible To treat polyQ diseases, the effects of the mutant protein must be reversible or repressible. This could be tested in our model, because expression of ATXN7T-102Q could be arrested by withdrawal of RU486. We compared the phenotype (lifespan, RING test performance, and aggregation) in flies in which expression of ATXN7T-102Q was induced and maintained and flies in which expression was induced for 2 or 4 d and then arrested. Controls were noninduced flies.
When RU486 was withdrawn after 4 d, lifespan increased significantly compared with flies continuously expressing ATXN7T-102Q. Lifespan increased further if RU486 was with- The asterisk indicates SDS-insoluble polyQ aggregates in the stacking gel. Arrows, ATXN7T proteins expressed at the expected sizes. When overexposed, a thin band of ATXN7T was detected in the absence of RU486, indicating a slight leak in the control of expression. B, Lifespan of flies expressing or not expressing ATXN7T-10Q and ATXN7T-102Q in adult neurons. Note that ATXN7T-102Q expression strongly reduced lifespan (log rank analysis; p Ͻ 10 Ϫ50 ), whereas ATXN7T-10Q expression had only a slight effect ( p Ͻ 10 Ϫ10 ). RU486 had no effect on longevity in wild-type flies (data not shown). C, Locomotor activity (performance on RING test) of 16-dold flies expressing or not expressing ATXN7T-10Q and ATXN7T-102Q transgenes. *Significantly different from the ATXN7T-10Q condition ( p ϭ 0.006; Student's t test). Error bars represent SEM.
drawn after 2 d ( p Ͻ 10 Ϫ29 ) but remained shorter than the lifespan of noninduced flies (Fig. 4 A) . RING test performance, 16 d after induction, reached control levels when RU486 was withdrawn after 2 d, and remained identical to the noninduced control at all later time points (18, 21, and 25 d). When RU486 was withdrawn after 4 d of induction, the climbing ability of the flies was reduced but was significantly better, 18 d after induction, than in flies continuously expressing ATXN7T-102Q and remained stable at 21 and 25 d after induction (Fig. 4 B) .
The proportion of ATXN7T-102Q-positive neurons with large NIIs, visible after 2 d of expression, remained constant from day 2 to day 20 in continuously treated flies (Fig. 4C, black bars) . In flies deprived of RU486 from day 2, nuclear labeling became progressively more diffuse, suggesting that soluble ATXN7T was present, and the remaining NIIs were smaller (Fig. 4C , white bars) (supplemental figure, available at www.jneurosci.org as supplemental material), as if NIIs were being cleared or disaggregated in the absence of continued synthesis of the mutant protein.
A drastic decrease in the percentage of neurons with large NIIs was observed from day 14 to day 20 in flies in which RU486 was withdrawn after 2 d (Fig. 4C) , indicating that elimination of the aggregates was slow and may depend on the presence of a threshold amount of polyQ-expanded protein. Later time points could not be examined because of the effect of the mutant protein on lifespan. The fact that these flies continued to die, albeit later than those expressing ATXN7T-102Q continuously, confirms, however that the level of mutant ATXN7T at that time was enough to initiate irreversible pathogenic events. These results show that a decrease in ATXN7T expression improves the phenotype (lifespan and locomotion) of SCA7 flies in correlation with a decrease in ATXN7T aggregation. These results demonstrate that it is possible to alter the phenotype of our model, which may therefore be used to identify modifier genes that are possible therapeutic targets.
Modulators of SCA7T-102Q toxicity
Retinal phenotypes of polyQ models, which are practical (Warrick et al., 1998 (Warrick et al., , 2005 Fernandez-Funez et al., 2000; Kazemi-Esfarjani and Benzer, 2000; Steffan et al., 2001; Ravikumar et al., 2004) , are not always reproduced in brain (Ghosh and Feany, 2004) . Our inducible panneuronal Drosophila SCA7T-102Q line is ideally suited to identify modifiers of the SCA7 phenotype, because it isolates the effect of the mutation on adult neurons, in which pathology is observed in patients, and avoids effects related to development, which differ significantly between humans and flies. Lifespan quantification was used to assess the effect of putative modulators of the SCA7 phenotype. Males from our fly line inducibly expressing mutant ATXN7T were crossed with females from 36 different strains characterized by the enhancement or disruption of genes that, by their function, may modulate expression of the ATXN7T-102Q phenotype (supplemental Table 1 , available at www.jneurosci.org as supplemental material). This focused screen was performed to determine whether the model constitutes a powerful tool for identifying putative therapeutic targets. We verified that the effects of the identified modifier strains were not attributable to altered UAScontrolled expression of ATXN7T-102Q by an in vivo GAL4-induced luciferase assay (data not shown).
The results suggest that activation of the ubiquitin proteasome pathway, inhibition of caspase activity, activation of the unfolded protein response, and some transcription regulators may favorably modulate the SCA7 phenotype (Table 1) .
Four strains with mutations affecting the caspase pathway, transcription factor, and RNA-binding protein categories significantly enhanced the SCA7 phenotype. One was a loss-offunction IAP1 (inhibitor of apoptosis 1) mutant that increases apoptosis-related caspase activity. Paradoxically, a loss-offunction mutation of the ced6 gene, implicated in the engulfment of apoptotic cells, was found among the significant suppressors. Identification of the transcriptional regulators Rpd3 (gain of function) and CBP [CREB (cAMP response element-binding protein)-binding protein] (loss of function) among the modulators suggested that histone acetylation may be affected in SCA7 flies. None of these proteins reduced lifespan by themselves in the absence of an SCA7-102Q insertion (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Fur- thermore, mutant forms of Taf10 and dTra1 (loss of function) (members of the transcriptional SAGA-like complex, an orthologue of the TFTC/STAGA complexes containing ATXN7 in mammals) modified the phenotype, although dAda3 (gain of function) or Spt3 (loss of function), which are part of the same complex, did not. Interestingly, reducing the expression of ATXN2, the polyQ protein responsible for SCA2, strongly protected against mutant ATXN7T.
Finally, some of the tested genes were shown previously to modify the SCA1 phenotype (Table 1 ) (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Only one, Rpd3, which is disrupted, enhanced the SCA7 phenotype. Curiously, upregulation of the mRNA splicing regulator mub, which previously suppressed the SCA1 phenotype (FernandezFunez et al., 2000) , enhanced the SCA7 phenotype. However, we found that expression of mub alone in adult neurons with the elavGS driver significantly reduced lifespan (supplemental Table 1 , available at www. jneurosci.org as supplemental material). This suggests that the enhancement of the SCA7 phenotype may result from an additive deleterious effect, although we cannot exclude that SCA7 flies are also sensitive to perturbation of splicing.
Analysis of mammalian neurons in culture supports the implication of putative modifier genes in SCA7
To confirm the validity of our focused genetic screen, we first immunolabeled primary cultures of embryonic rat cortex expressing truncated EGFP-tagged SCA7T-100Q with antibodies against markers of the ubiquitin/proteasome pathway (19S proteasome subunit and ubiquitin), the unfolded protein stress pathway (HSP70), caspase-dependent apoptosis (activated caspase 3), and the TFTC/STAGA complexes (GCN5, SPT3, and SPT7). All of these proteins except one (SPT7; data not shown) colocalized with ATXN7T in NIIs (Fig. 5A) , supporting the hypothesis that they may be implicated in SCA7 pathogenesis.
Because ATXN7 is found in TFTC/ STAGA transcriptional complexes, which have histone acetyltransferase activity, we evaluated the effect of increasing concentrations (10 -100 M) of the presently most promising histone deacetylase (HDAC) inhibitor for treating polyQ diseases, sodium butyrate (SB), on the survival of cultured neurons expressing EGFP, ATXN7T-100Q-EGFP, and ATXN7T-10Q-EGFP (Ferrante et al., 2003; Minamiyama et al., 2004; Ying et al., 2006) . Seven days after transfection, the cells were stained with the cell death marker ethidium homodimer-1, and the percentage of dead EGFP-, ATXN7T-10Q-EGFP-, and ATXN7T-100Q-EGFP-positive cells was calculated. In the absence or presence of 10 and 50 M SB, a low level of cell death was observed in transfected cells expressing EGFP alone (6%) or ATXN7T-10Q-EGFP (12%), whereas 100 M SB was toxic in itself (Fig. 5B) . Neuronal death induced by ATXN7T-100Q-EGFP (ϳ34%) decreased significantly, however, in the presence of both 10 M (26%) and 50 M (20%) SB, suggesting that a decrease in histone deacetylation compensates for a decrease in histone acetylation potentially caused by mutant ATXN7T. Unfortunately, our transfection efficiency (3%) did not allow us to assess modifications of histone acetylation in the neurons expressing ATXN7T-100Q-EGFP nor to demonstrate a decrease in the activity of the SAGA-like complexes. figure, available at www.jneurosci.org as supplemental material). *Significantly less than when treated continuously ( p Ͻ 0.05; 2-way ANOVA, followed by the Student-Newman-Keuls test for multiple comparisons). There was a significant difference according to induction state ( p ϭ 0.009); the interaction between induction state and time after induction (age) was also significant ( p ϭ 0.026). nbr, Number. Error bars represent SEM. Enhanced the SCA1 phenotype in a previous study (Fernandez-Funez et al., 2000) . Suppressed the SCA1 phenotype in a previous study (Fernandez-Funez et al., 2000) .
Discussion
A Drosophila model that reproduces major features of SCA7 With the RU486-inducible GeneSwitch system, we developed a conditional model of SCA7 in Drosophila, in which expression of a truncated N-terminal form of the protein, close in size to the shortest naturally occurring fragment observed (Garden et al., 2006) , could be induced in flies that had already reached adulthood. This avoided the confounding, and often lethal, effects of mutant ataxin-7 on development, during larval and pupal stages, which have no equivalent in mammals. Coupled with the panneuronal elav promoter, this system enabled us to express the pathogenic protein specifically in neurons. Flies expressing the transgene rapidly accumulated mutant ATXN7T in fibrillary aggregates associating stress-related proteins that resembled the NIIs observed in patients, suffered a progressive loss of locomotor function, and died prematurely. In this model, normal ATXN7T was also slightly toxic, in accordance with previous reports (Fernandez-Funez et al., 2000) . Apart from the NIIs, no other cellular anomalies were detected at the ultrastructural level up to 15 d after induction, and little neuronal loss occurred, as evaluated by TUNEL analysis. Cellular dysfunction, therefore, contributes to the behavioral phenotype and premature death of the ATXN7T-102Q flies, as was also the case in SCA1 mice (Clark et al., 1997; Skinner et al., 2001 ). An absence of significant neuronal loss was also observed in mouse models of Huntington's disease (Mangiarini et al., 1996; Shelbourne et al., 1999; Usdin et al., 1999; Yamamoto et al., 2000; Martin-Aparicio et al., 2001 ) and SCA7 (Yvert et al., , 2001 Garden et al., 2002; Yoo et al., 2003) .
The pathophysiology of SCA7
The progression of the pathology in the present model, as in other models of SCA7 (Helmlinger et al., 2004a) , HD (Yamamoto et al., 2000; Martin-Aparicio et al., 2001; Regulier et al., 2003) , and SCA1 (Zu et al., 2004) , was correlated with aggregation of the protein. Interestingly, expression of mutant ATXN7T for only 2 d was sufficient to generate NIIs and shorten the lifespan of the SCA7 flies, although effects on survival and locomotor activity were observed much later. Because expression of the transgene could be stopped in our SCA7 Drosophila, we were able to determine that NIIs disaggregate slowly if the mutant protein is not continually expressed, and this was correlated with long-term stabilization of the motor phenotype and an increase in lifespan. The stable amelioration of the phenotype observed when expression of the pathogenic protein was limited in time indicates that progression of the pathology was efficiently arrested. The inclusions persisted, however, at least 8 d after RU486 was withdrawn, and the mutant protein remained present in dispersed form in nuclei, even after the NIIs disaggregated. This shows that clearance of mutant ATXN7T is slow, confirming a previous report (Helmlinger et al., 2004a) , compared with huntingtin (Martin-Aparicio et al., 2001 ) and particularly ataxin 1 (Zu et al., 2004) .
In contrast to our transgenic Drosophila, transgenic SCA7 mice did not recover but continued to worsen when expression of mutant SCA7 was stopped (Helmlinger et al., 2004a) , probably because of the continued presence (Ͼ26 weeks) of aggregates; mutant ATXN7 was processed more slowly in these mice than in Drosophila. Similar observations were made in a conditional transgenic model of SCA1, in which the more the transgene was expressed, the more the pathology worsened, and the less the animals recovered (Zu et al., 2004) . Reversion of neurological dysfunction, as in our model, was, therefore, associated with the disappearance of intranuclear aggregates, whereas a worsening of the phenotype was associated with the persistence of aggregates. It is possible, therefore, that if aggregates sequester pathogenic proteins, their disappearance might indicate that the toxic species has been eliminated.
Putative modulators of SCA7 phenotype and potential therapies
Because our conditional Drosophila model isolates the effects of mutant ATXN7T on adult neurons and has a phenotypic trait, lifespan, that can be quantified, we were able to perform a candi- date gene screen to demonstrate that the model can be used to identify neuronal pathways that are involved in the expression of the pathology or its reversion. Our study indicates that protein folding, histone acetylation, the ubiquitin proteasome pathway, and apoptosis, which are features common to several polyQ disease models (Ghosh and Feany, 2004) , are also implicated in SCA7. Major protein markers of these pathways (19S proteasome subunit, ubiquitin, HSP70, and activated caspase 3) are relocated to NIIs in SCA7 Drosophila but also in mammalian neurons in vitro, supporting this hypothesis and suggesting the existence of common triggering mechanisms. Our study also confirmed another genetic modifier identified previously in Drosophila models of polyQ diseases (Ghosh and Feany, 2004) and tauopathy (Shulman and Feany, 2003) , ATXN2, which, when mutated, causes SCA2 (Imbert et al., 1996; Pulst et al., 1996; Sanpei et al., 1996) . This suggests that the normal function of ATXN2, which is not precisely known (Satterfield et al., 2002; Ralser et al., 2005a,b) , might be implicated in the physiopathology of several, if not all, polyQ diseases. This would be similar to the TATA-binding protein, which causes SCA17 when it contains a polyQ expansion, but also plays a role in other polyQ diseases (Roon-Mom et al., 2005) .
The Toll-and imd-mediated NF-B (nuclear factor B) pathways that regulate the transcription of survival genes, examined for the first time here in a polyQ disease model, do not seem to be involved in ATXN7T-102Q pathology. The role of the unfolded protein response (UPR) in our model is still not clear, because reducing gene dosage of the upstream regulator ire1 or upregulation of the translation regulator dPerk (diphosphorylated extracellular signal-regulated kinase) kinase did not modify the phenotype. In contrast, Hsc70-3 [Drosophila homolog of the downstream UPR target Bip (Ig-binding protein)/Grp78 (glucose-regulated protein)] was protective when overexpressed. Because the IRE1-TRAF2 (TNF-receptor-associated factor 2)-ASK1 (apoptosis signal-regulating kinase 1) complex has been implicated in polyQ pathology in mammalian cell culture experiments (Nishitoh et al., 2002) , our findings might be specific to SCA7, but this remains to be confirmed.
Because the transcriptional complex TFTC/STAGA contains ATXN7 in mammals, we investigated what happens when the activity of the corresponding SAGA-like complex in Drosophila is impaired. Interestingly, reducing the dosage of Taf10 and dTRA1 rescued the phenotype, identifying a new pathway specifically involved in SCA7. ATXN7 was shown to interact with TFTC/ STAGA subunits through a Zinc-binding domain formed by highly conserved Cys and His residues, which can be found in conserved blocks I and II (Helmlinger et al., 2004b) . The ATXN7T we used contains block I but not block II. Although a direct interaction between this block and the TFTC/STAGA complexes has not been demonstrated, the identification of members of this complex as modifier genes in flies and their colocalization with truncated ataxin 7 in mammalian neurons suggest that the function of this truncated protein or its capacity to interact with these complexes, like the full-length protein, may be at least partially conserved. Because mutant ATXN7 represses the acetyl transferase activity of the complex, according to recent studies (McMahon et al., 2005; Palhan et al., 2005) , or leads to a transcriptional downregulation of genes encoding members of the complex (Palhan et al., 2005; Strom et al., 2005; Helmlinger et al., 2006) , our results suggest that the concentrations of the subunits are important for the assembly and activity of the complex and that members of the TFTC/STAGA transcriptional complexes might be interesting therapeutic targets. This was further supported by the partial relocation of some proteins of the TFTC/ STAGA complexes to NIIs (GCN5 and SPT3) in primary mammalian neuronal cultures. The absence of detectable SPT7 in these NIIs may indicate that the integrity of the complexes is disrupted. The decrease in ATXN7T-induced neuronal death obtained with the HDAC inhibitor sodium butyrate in this cellular model strongly suggests that compensation for impaired histone acetylation might be beneficial to patients. An analog of this compound, sodium phenylbutyrate, effective in HD mice (Gardian et al., 2005) , is already being tested in a dose-finding phase I study in patients with HD (Borovecki et al., 2005) .
In conclusion, we have generated a new inducible neuronspecific Drosophila model of a polyQ disorder that recapitulates some phenotypic features of the human disease: late-onset lethality with little neuronal degeneration, locomotor phenotype reflecting neuronal dysfunction, and nuclear inclusions, in neurons, containing major cell stress response proteins. In addition, because expression of ATXN7T-102Q could be reversed in this system, leading to disaggregation of the inclusions and restoration of locomotor function, we were able to show the potential of this model for the development of therapeutic strategies. The quantitative testing of candidate modifier genes made possible by this model has already identified potentially effective therapeutic targets, such as histone acetylation. This was further supported by partial relocation of proteins of the TFTC/STAGA complexes to NIIs and increased survival in response to an HDAC inhibitor in primary mammalian neuronal cultures.
